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Intussusceptive capillary growth is required for glomerular re- The Thy-1.1 molecule, a member of the immunoglobu-
pair in rat Thy-1.1 nephritis. lin (Ig) superfamily, is expressed on the surface of rat
Background. Injection of anti-Thy-1.1 antibodies to rats glomerular mesangial cells. Administration of anti-Thy-
causes mesangiolysis, with subsequent capillary loss. This dra- 1.1 antibodies to rats causes acute, complement-depen-
matic event is followed by almost complete recovery of glomer- dent mesangial injury [2]. However, this severely dam-ular architecture. However, the precise cellular mechanisms of
aged glomerular morphology is subsequently restored torevascularization are not fully understood.
normal architecture within a few weeks [3–6]. Thus, theMethods. Glomerulonephritis was induced by the injection
Thy-1.1 nephritis model offers an opportunity to analyzeof monoclonal anti-Thy-1.1 antibody to rats. Structural changes
in the glomerular vasculature, with special emphasis on the the wound healing process after mesangial injury.
repair phase, were studied with corrosion casting technique, From the pathologic point of view, understanding the
light microscopy (LM), transmission electron microscopy (TEM), cellular steps in the natural repair process is important
and scanning electron microscopy (SEM). because it has been postulated that impairment of one
Results. Specifically during the extensive revascularization of these steps may lead to irreversible injury [5, 7–9].period, numerous tiny holes of about 1.5 m in diameter were
Previous light and electron microscopic studies and pro-found on the glomerular cast. The presence of transluminal
liferating cell nuclear antigen (PCNA)-immunostainingtissue pillar was confirmed with LM and SEM. These findings
analysis have shown that mesangial injury is followed byindicate the involvement of intussusceptive capillary growth.
TEM study demonstrated that some tissue pillars were com- severe damage of the glomerular capillary network, and
posed of endothelial cells only and others had cytoplasmic that the subsequent repair process includes endothelial
process of mesangial cells in their cores sandwiched both sides regeneration [3–5, 8–10]. A morphologic study suggested
by endothelial walls. that angiogenic glomerular capillary repair may occur
Conclusion. Intussusceptive capillary growth, or nonsprout- by new capillary growth from glomerular vascular poles
ing angiogenesis is involved in the postinjury angiogenesis in
as well as capillary regeneration from the remaining en-the glomeruli, in which process mesangial cells as well as endo-
dothelial cells in damaged lesions [4].thelial cells may play important roles.
To clarify the angiogenic process in glomerular repair
in further detail, we analyzed the anti-Thy-1.1 nephritis
model with histologic techniques, including corrosion cast-
Glomerular capillaries are constantly exposed to high ing, light microscopy (LM), transmission electron micro-
hydrostatic pressure and serve as an effective glomerular scopy (TEM), and scanning electron microscopy (SEM).
filtration unit. Mesangial cells provide the mechanical The corrosion casting technique is a useful method for
support for glomerular capillaries by generating an in- observing the vascular structure. It enables us to three-
wardly directed counterforce and regulating the glomer- dimensionally observe capillary branching. Here, we pre-
ular capillary wall tension by contraction and relaxation sent evidence that intussusceptive capillary growth, an
action [1]. alternative angiogenic mechanism for sprouting angio-
genesis, occurs during reconstruction of the glomerular
capillary network.
Key words: intussusceptive capillary growth, angiogenesis, glomerular
repair, anti-Thy-1.1 glomerulonephritis.
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Fig. 1. Changes of endothelial cells in anti-
Thy-1.1 glomerulonephritis. Kidneys were im-
munostained using anti-intercellular adhesion
molecule-2 (ICAM-2) monoclonal antibody
(D-12), which specifically recognizes endothe-
lial cells. Compared to the glomeruli from con-
trol rats (a ), capillary density is markedly low
on day 5 (b ). The remaining endothelial cells
are often found to be positioned along the
periphery of the glomerular lobules. Some en-
dothelial cells are deformed and have no clear
lumina. On day 8, capillary density recovers
from day 5, but is still lower than that in con-
trol rat (c). By day 14, capillary density ap-
pears to return to normal (d ). Bar, 50 m.
(E30, 100 g/kg) [6] to male Wistar rats weighing 250 picked up on glass slides and stained with toluidine blue.
The area of suspected tissue pillar formation was viewedto 300 g (Japan Slc, Inc., Shizuoka, Japan). Rats were
under a light microscope and recorded for every secondsacrificed on day 1, 3, 5, 8, and 14 (N  3 to 6 per time
to third section on 35 mm film. In addition, series ofpoint). Five normal rats served as controls.
ultrathin sections (70 nm thick) were picked up for everyAnimals were anesthetized with Nembutal (Dainip-
tenth section, stained with uranyl acetate and lead citrate,pon Pharmaceuticals Co., Ltd., Osaka, Japan; 50 mg/kg
and observed with an electron microscope (JEM 1200EX,intraperitoneally). The right and left kidneys were trans-
JEOL, Tokyo, Japan).fused through a polyethylene catheter placed in the ab-
dominal aorta with saline, and then the fixative (2% SEM
paraformaldehyde, 0.5% glutaraldehyde, 75 mmol/L phos-
The specimens were immersed in 25% and 50% di-phate buffer, pH 7.2). After 3 minutes of fixative perfu-
methyl sulfoxide (DMSO) for 1 hour each, frozen insion, the right kidney was taken for the LM and TEM
liquid nitrogen, and split with a razor blade. The split
studies described below. Next, acryl resin (Mercox, Dai-
specimens were then thawed in 50% DMSO at room
Nihon Inki Co., Tokyo, Japan) was infused to make a temperature for 30 minutes and rinsed with phosphate-
cast of the vascular system in the kidney. After the cast buffered saline (PBS) five times. The specimens were
had been cured sufficiently, the tissue of the kidney was processed by conductive staining, which increases the
digested and removed in 20% potassium hydroxide at electron conductivity of specimens, by immersion three
50C. The casts were rinsed several times in distilled times in 1% OsO4 for 1 hour, interposed by 1% tannic
water, air-dried, coated with gold palladium, and exam- acid for 1 hour. The specimens were then dehydrated in
ined with a scanning electron microscope (S-800, Hitachi, a graded series of ethanol and dried in a critical point
Japan). dryer (HCP-2, Hitachi, Japan). The dried specimens
The right kidneys were cut into small blocks, post- were mounted on stubs, coated with gold palladium, and
fixed with OsO4, dehydrated, and embedded in epoxy examined with an SEM (S-800, Hitachi, Japan). Stereo
pairs were taken at tilt of 7.resin. Successive semithin sections of day 8 kidneys were
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Table 1. Total capillary number and total capillary lumen area per glomerulus
Ratio of total capillary number/ Ratio of total capillary lumen area/
glomerular tuft area 103 m2 glomerular tuft area
Control (N  3) 6.40.3 0.340.04
Day 5 (N  3) 2.60.7a 0.130.02a
Day 8 (N  3) 4.30.2a 0.250.01a
Day 14 (N  3) 5.50.5 0.320.01
Values are expressed as meanSD.
a P  0.01 versus control group (Dunnett test)
Fig. 2. Glomerular vascular casts. (a ) Scan-
ning electron micrograph (SEM) of glomeru-
lus from a control rat. (b ) SEM of glomerulus
at day 1 shows capillaries are markedly dis-
tended and the glomerulus is enlarged due to
loss of mesangial cells and matrix. (c ) SEM
of glomerulus on day 3 shows segmental bal-
looning lesion with honeycomb-like appearance
on the surface. (d ) A semithin section stained
with toluidine blue on day 3. This ballooning
lumen contains platelets, monocytes, and poly-
morphonuclear leukocytes. Bar, 50 m.
Preparation of anti-ICAM-2 antibody Immunofluorescence staining for ICAM-2
Rat kidneys were perfused with 4% paraformalde-Production of monoclonal antibody was carried out
hyde, 0.1 mol/L phosphate buffer (pH 7.4) and immersedas described previously [11]. Clone D-12 was selected as
in the same fixative for 2 hours. Tissue samples werean endothelial cell–specific monoclonal antibody. Immu-
rinsed successively in PBS containing 10%, 15%, andnoblot analysis with D-12 showed that this antibody
20% sucrose. Cryosections were cut using a cryostatbinds to the 50 kD molecule. Injection of D-12 to rats
(Miles Scientific, Naperville, IL, USA), then mountedrevealed that the antibody binds to the endothelial cell
on gelatin-coated glass slides. They were incubated with
surface. N-terminal amino acid (8 amino acids) analysis D-12 (1:100 dilution of ascites fluid), and then with rho-
of affinity-purified antigens for D-12 indicated that 7/8 damine-labeled goat antimouse IgG (diluted 1:200, Jack-
was consistent with the mouse intercellular adhesion son ImmunoResearch Laboratories, West Grove, PA,
molecule-2 (ICAM-2). The similarity of distribution, mo- USA) for 1 hour at room temperature. In control ex-
lecular weight, and N-terminus amino acid sequences periments, incubation with the primary antibody was
omitted.indicates that the antigen of D-12 is rat ICAM-2.
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Fig. 3. Revascularization process after glo-
merular injury. Patency of glomerular capil-
lary network was severely interrupted on day
5. Capillaries are scarce and often found encir-
cling the glomerular tuft (a ). On day 8, capil-
lary density in the glomeruli was greater than
on day 5. At this stage, tiny holes and small
loops (arrows), which are rarely found in con-
trol rats, are frequently encountered in the
capillary cast (b ). By day 14, capillary density
had restored to the normal state (c). Magnified
scanning electron micrographs (SEMs) of glo-
merular capillary casts from rats on day 8 are
shown (d to g ). Two tiny holes with diameters
around 1 m can be seen in (d) (arrow). In
addition, holes of various sizes are also promi-
nent (e, f, and g). Bar (a to c), 50 m; bar (d
to g), 5 m.
Morphometry Statistical analysis
Ratio of glomerular capillary lumen number and areaTotal glomerular capillary lumen area, total glomeru-
lar capillary lumen number, and glomerular tuft area per glomerulus are expressed as mean  SD. Statistical
analysis were performed with Dunnett multiple compari-were determined for each glomerulus using personal
computer–based image-analysis system (Optimas, Both- son test. A value of P  0.05 was considered significant.
In order to evaluate the frequency of tiny holes orell, WA, USA). Ratio of (total cross-sectioned glomeru-
lar capillary lumen number) / (glomerular tuft area), and small capillary loops, total number of glomeruli, the glo-
meruli with tiny holes (0.5 to 2.0 m diameter), and theratio of (total cross-sectioned glomerular capillary lumen
area)/(glomerular tuft area) were calculated. Three rats glomeruli with small capillary loops (2.0 to 10 m inter-
nal diameter) in vascular casts were counted. Logisticin each time point (day 5, day 8, day 14, and control)
served for this experiment. Measurement was done with model was applied to the data on the assumption that
distribution of the appearance rate of glomeruli with tiny10 glomeruli from each rat.
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to the level of control rats. Changes in total open capil-
lary lumen number and area per glomerulus were ana-
lyzed morphometrically and the results are shown in
Table 1.
Vascular cast
We investigated the three-dimensional changes of glo-
merular capillary structure after glomerular injury. At
day 1 and day 3, the vascular cast showed markedly
distended capillaries and enlarged glomerular tufts (Fig.
2b). Segmental ballooning (Fig. 2c) was noted in 3% of
the glomeruli on day 3. The percentage of glomeruli with
segmental ballooning was 11% on day 5, 2% on day 8,
and 0% on other experimental days. The surface of the
cast at the ballooning lesion displayed a honeycomb-
like appearance with numerous openings on it (Fig. 2c),
which may have been caused by accumulation of erythro-
Fig. 4. Appearance rate of glomeruli with tiny holes () or small cytes and infiltrating leukocytes (Fig. 2d).
loops () in rats with anti-Thy-1.1 nephritis. *P  0.05, **P  0.01 On day 5, the glomeruli showed remarkably scanty
versus control rats.
capillaries (Fig. 3a), while peritubular capillaries were
intact as in the kidneys on other experimental days. On
day 8 (Fig. 3b), although the number of capillaries
seemed somewhat less than that in normal rats, the glo-
holes or small capillary loops in the sampled kidneys merular cast showed almost normal architecture of capil-
was binomial. Logistic-transformed values of appearance laries. However, closer examination of the vascular pro-
rate was described as the group effect, and the effect on files revealed a distinct feature. Tiny holes, or openings,
each nephritic group (day 3, day 5, day 8, and day 14) was of about 1 to 2 m in diameter were found on the cast
compared with that on control group based on likelihood of the capillaries (Fig. 3d, arrow). Such structures were
ratio test. Bonferroni adjustment was taken for P values hardly observed in normal glomeruli. Moreover, holes
of five pair-wise comparisons. Statistical program PROC of larger diameter were also found in the cast, which
GENMOD (SAS Institute, Inc., Cary, NC, USA) was used. could be viewed as small capillary loops (Fig. 3 e to g).
Differences were considered significantly different at a The number of glomeruli with the tiny holes (0.5 to 2.0
level of P  0.05. m diameter) or the small capillary loops (2.0 to 10 m
internal diameter) was counted. Appearance rate was
calculated from the sampled data and presented in Fig-
RESULTS
ure 4. The appearance rate of glomeruli with the tiny
Immunostaining for endothelial cells holes was significantly greater on day 5 (P  0.05), day
8 (P  0.01), and day 14 (P  0.05) than that in controlEndothelial cell changes during the course of the dis-
ease were studied by immunostaining the tissue sections rats, with its peak on day 8. The peak frequency of the
small loops was on day 14, later than that of the tinywith endothelial cell–specific antibody. We used a new
monoclonal antibody (D-12) against rat ICAM-2, a mol- holes, and was significantly greater (P  0.05) than that
in control rats.ecule expressed on the cell surface of all the vascular
endothelial cells [12]. Its expression is constitutive and On day 14 (Fig. 3c), the number of capillaries per
glomerulus appeared to be more than that on day 8 (Fig.refractory to inflammatory cytokines [13]. In normal rat
glomeruli, glomerular capillary endothelial cells were 3b), suggesting that capillary growth was still in progress
on day 14. Capillary density in the glomeruli was similarstrongly labeled with D-12 (Fig. 1a). At day 5, after
anti-Thy-1.1 antibody (E30) injection (Fig. 1b), capillary with that in age-matched control rats.
We evaluated the frequency of blind-ending capillariesdensity was greatly reduced, compared with that of con-
trol rats. Frequently, endothelial cells were positioned in glomeruli. On day 8 and day 14, they were found in
11% and 7% glomeruli, respectively. These structuresat the periphery of the glomeruli, deformed, stretched,
and elongated with no clear capillary lumina. At day 8 were found also in 6% glomeruli in control rats. All of
the blind endings do not necessarily represent sprouting(Fig. 1c), glomerular capillary network developed from
day 5, but its density was still lower than that in control angiogenesis, because filling defect of resin would cause
similar structure. However, the result may imply thatrats. At day 14 (Fig. 1d), capillary network was restored
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Fig. 5. Scanning electron micrographs (SEM) of freeze-cracked glomerular tuft. (a ) Control glomerulus. (b ) Open capillaries are few on the day
5 glomerulus with mesangial cell proliferation and/or mesangial matrix expansion. (c ) There appears to be more open capillaries on the day 8
glomerulus than on day 5. (d ) and (e ) are enlarged view of a portion of (c) (indicated by a white rectangle), and shown in stereo pair image. A
slender projection (arrow) from mesangial area toward glomerular basement membrane can be seen. Abbreviations are: U, urinary space; L,
capillary lumen; M, mesangial area. Bar (a to c), 50 m; bar (d and e), 5 m.
frequency of sprouts may be 11% or smaller. Thus, it suggest that these structures are the tissue counterpart
of the tiny holes observed in the vascular casts.suggests that sprouting angiogenesis may play a minor
role, if any, compared with intussusceptive capillary
Tissue pillargrowth.
Figure 6 a to d are the highly magnified light micro-
SEM observation of freeze-cracked glomeruli graphs of series of semithin sections, showing one of the
capillary lumina transversed by a slender (1 to 2 mThe tiny holes observed on the vascular cast suggested
diameter) tissue structure. Consecutive sectioning dem-the presence of tissue pillar- or column-like structures
onstrated that the transversing tissue formed pillar-liketransversing the capillary lumina [14–16]. To confirm the
structure. In this analysis of semithin sections, we didpresence of such structures, we performed SEM observa-
not find any evidence of the existence of sprouting endo-tion of freeze-cracked glomerular tufts. Inconsistent with
thelial buds.
the findings in immunohistochemical and vascular cast In ultrathin section of day 8 glomeruli, 1 to 2 m wide
studies, capillary density appeared to be lower in day 5 tissue pillar structures could be found (Fig. 7). Each
glomeruli than normal ones (Fig. 5 a and b). By day 8, tissue pillar we observed consisted of two endothelial
capillary density was greatly restored (Fig. 5 a and c). cells. The two endothelial cells had close contact, and
This again suggests that capillary regeneration occurs the interendothelial contact area were either smooth or
after day 5. In the capillary lumina of day 8 glomeruli, complexly interdigitated, and ran parallel to the pillar
pillar-like structures were found. These structures formed axis. Some pillars had slender mesangial projections in
bridges between the mesangial area and the glomerular their core, which were covered completely on both sides
basement membrane and their diameters were about 1 by two endothelial cells. In the mesangial projection,
bundles of microfilaments run along the pillar axis.m (Fig. 5 d and e). The location and the size strongly
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Fig. 6. Consecutive semithin sections showing a tissue pillar in the glomerular capillary at day 8. (a ) The capillary is open. (b and c ) A tissue
pillar (arrow) transverses the capillary lumen. (d ) The capillary is open again. Sections were stained with toluidine blue. Bar, 10 m.
DISCUSSION [16, 19, 22, 23]. This structure has been detected in the
vasculature in various tissues, including normal postnatalUpon investigation of the revascularization process
glomeruli in growing rats [16]. In the present study, tinyin anti-Thy-1.1 nephritis, we have strong evidence that
holes resembling those in previous literature were fre-postinjury angiogenesis occurs via an intussusceptive
quently observed on the glomerular cast in the repaircapillary growth mechanism.
phase. This structure was most frequently encounteredAt least two different types of angiogenesis are known:
on experimental days when vascular regeneration is most(1) sprouting of capillaries from preexisting vessels and
extensive, which strongly suggests the involvement of(2) nonsprouting angiogenesis or intussusception [17].
intussusceptive capillary growth in capillary regenera-Sprouting angiogenesis implies proteolytic degradation
tion. In addition to the tiny holes, we observed holesof the basement membrane, and proliferation and migra-
of various sizes on the vascular casts. With increasingtion of endothelial cells, followed by tube formation with
diameter, the holes took on the appearance of smallfinal connection of the blind ending sprout to another
capillary loops. A recent study on a model of tissue repairblood vessel. Intussusception causes growth of the capil-
showed that loop formation is involved in intussusceptivelaries by insertion of tissue pillars, or columns of cell
capillary growth [20]. Capillaries undergoing splittingcomponents and/or interstitial tissue inside the vessel
similar to the present findings have also been observedlumen and its subsequent partitioning, just like a vessel
in fetal and postnatal glomeruli [24, 25]. Thus, the repairsplitting into multiple vessels [15, 16, 18]. Increasing evi-
process might be a recapitulation of the developmentaldence shows that this process participates in various
process of glomerular capillaries.physiologic and pathologic conditions of neovasculariza-
The results of this study do not exclude the possibilitytion [16–21].
that sprouting angiogenesis also plays a part in postinjuryIntussusceptive capillary growth has been successfully
angiogenesis. One of the limitations of this study mayobserved using the corrosion cast technique. Earlier liter-
be that we could not quantitatively analyze the contribu-ature has revealed the existence of tiny holes with diame-
ters of around 1.5 m as a hallmark of intussusception tion of sprouting angiogenesis. Sprouts cause blind-end
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Fig. 7. Ultrastructure of a tissue pillar at day 8, illustrated in a sequence of serial sections. (a to d ) The pillar is composed laterally of the
endothelial walls and centrally of the cytoplasmic process of a mesangial cell (arrows). The mesangial cytoplasmic process has bundles of
microfilaments along the pillar axis and extends toward the opposite side of the capillary wall. Abbreviations are: E, endothelial cell; M, mesangial
cell; P, podocyte, L, capillary lumen. Bar, 5 m.
structure in vascular casts. Since filling defect of resin pillar core is formed, invaded by cytoplasmic extensions
of myofibroblasts and pericytes and finally interstitialcauses similar structure, they cannot be distinguished
from each other. The present study has shown that the fibers [15, 19]. The results of present study suggest that
postinjury capillary growth may be through a similarfrequency of glomeruli with blind-end capillary is much
smaller than that with tiny holes. Frequency of glomeruli pathway, except that in the case of glomeruli, mesangial
cells may be involved instead of myofibroblasts or peri-with sprouts may be even smaller. Thus, this study at
least suggests that sprouting angiogenesis may occur less cytes. We speculate that capillary growth might proceed
as follows. First, endothelial cells reorganize and formfrequently, if any, than intussusceptive capillary growth
in the revascularization process. Accurate analysis of transcapillary pillar structure. Second, mesangial cell
projections invade through the core portion of the pillar,sprouting would need serial sectioning of the tissue and
three-dimensional reconstructuring, and it will be the then come into contact with the basement membrane and
become tethered to it. The mesangial matrix componentsubject of future investigation.
Cellular mechanisms of intussusceptive angiogenesis further stabilizes the contact between mesangial cells
and the basement membrane. Finally, the contact areahave been extensively studied in the developing lung. In
short, opposing endothelial cells in capillary wall contact between them becomes increasingly wider and the con-
nections are stabilized, resulting in the formation of aand form a tissue pillar through reorganization of the
cells, including fusion of the membrane. Then, tissue new capillary. The above-described hypothesis may pres-
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factor enhances glomerular capillary repair and accelerates resolu-ent one of several possible interpretations based on our
tion of experimentally induced glomerulonephritis. Am J Pathol
observation. In fact, recent studies have revealed the 159:599–608, 2001
9. Kang DH, Kanellis J, Hugo C, et al: Role of the microvascularcomplexity of intussusceptive capillary growth [20, 21].
endothelium in progressive renal disease. J Am Soc Nephrol 13:Although more detailed analysis may have to be done,
806–816, 2002
our present findings are strong morphologic indications 10. Kitamura H, Sugisaki Y, Yamanaka N: Endothelial regeneration
during the repair process following Habu-snake venom inducedthat not only endothelial cells but also mesangial cells
glomerular injury. Virchows Arch 427:195–204, 1995play important roles in the capillary growth. This would
11. Kurihara H, Sunagawa N, Kobayashi T, et al: Monoclonal anti-
agree with the finding that mesangial cells play an essen- body P-31 recognizes a novel intermediate filament-associated pro-
tein (p250) in rat podocytes. Am J Physiol 274:F986–997, 1998tial part in the glomerular capillary branching as demon-
12. de Fougerolles AR, Stacker SA, Schwarting R, Springer TA:strated in studies using platelet-derived growth factor-B
Characterization of ICAM-2 and evidence for a third counter-
(PDGF-B) or PDGF- receptor-deficient mice [26, 27]. receptor for LFA-1. J Exp Med 174:253–267, 1991
13. Nortamo P, Li R, Renkonen R, et al: The expression of human
intercellular adhesion molecule-2 is refractory to inflammatory
cytokines. Eur J Immunol 21:2629–2632, 1991CONCLUSION
14. Caduff JH, Fischer LC, Burri PH: Scanning electron microscope
This study analyzed the cellular mechanisms of post- study of the developing microvasculature in the postnatal rat lung.
Anat Rec 216:154–164, 1986injury angiogenesis in glomeruli using LM, TEM, SEM,
15. Burri PH, Tarek MR: A novel mechanism of capillary growth inand vascular casting technique. Involvement of intussus-
the rat pulmonary microcirculation. Anat Rec 228:35–45, 1990
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